Intermediate mass black holes (IMBHs) with a mass between 10 2 and 10 5 times that of the sun, which bridges the mass gap between the stellar-mass black holes and the supermassive black holes, are crucial in understanding the evolution of the black holes. Although they are widely believed to exist, decisive evidence has long been absent. Motivated by the successful detection of massive stellar-mass black holes by advanced LIGO, through the gravitational wave radiation during the binary merger, in this work we investigate the prospect of detecting/identifying the lightest IMBHs (LIMBHs; the black holes 100M ⊙ ) with the second generation gravitational wave detectors. In general, the chance of hearing the birth of the LIMBHs is significantly higher than that to identify pre-merger IMBHs. The other formation channel of LIMBHs, where stars with huge mass/low-metallicity directly collapse, is likely "silent", so the merger-driven birth of the LIMBHs may be the only "observable" scenario in the near future. Moreover, the prospect of establishing the presence of (lightest) intermediate mass black holes in the O3 run and beyond of advanced LIGO is found quite promising, implying that such an instrument could make another breakthrough on astronomy in the near future. The joining of other detectors like advanced Virgo would only increase the detection rate.
I. INTRODUCTION
In the Universe a large amount of black holes (BHs) have been identified in astronomical observations [1, 2] . So far about two dozens of BHs of stellar mass (i.e., the masses are below ∼ 100M ⊙ ) have been detected in X-ray binaries within the Milky Way and a few nearby galaxies [3] and the heaviest has a mass of ∼ 20 M ⊙ . The stellar-mass BHs are expected to form when very massive stars collapse at the end of their life cycle [4] or some neutron star binaries merge. After its formation, a BH can continue to grow by the mass accretion from its surroundings. Another major type of the observed BHs is the so-called supermassive black hole (SMBH), which appears in the center of, for example, the Milky Way and almost all the massive galaxies. The masses of SMBHs are on the order of 10 5 − 10 9 M ⊙ [5] . The existence of intermediatemass black holes (IMBH), with masses of 10 2 − 10 5 M ⊙ that bridges stellar-mass and super-massive BHs thus is very helpful in understanding the evolution of the black holes, has not been firmly established though there are some intriguing candidates [2, 6, 7] .
In this work we focus on the birth of the lightest IMBHs that in principle could be formed either by the direct collapse of the most massive stars with extremely-low metallicity (also * Electronic address: xiangli@pmo.ac.cn † Electronic address: huyiming@mail.sysu.edu.cn ‡ Electronic address: yzfan@pmo.ac.cn known as the first stars) or the merger of two massive stellarmass BHs. The direct collapse of the first stars, however, are widely expected to be silent/distant and hard to monitor [4] . Hence in the foreseeable future, the detectable channel for the birth of the LIMBHs is likely to be the merger of two massive stellar-mass black holes. The merger rate of binary black holes (BBH) was expected to be high in some models [8] . The first gravitational wave (GW) event was from the merger of a pair of black holes with the masses of 25 M ⊙ and 36 M ⊙ , respectively [9] . The newly formed black hole has a mass of ∼ 62 M ⊙ , which is the heaviest stellar-mass black hole recorded by far. The six pre-merger BHs identified in current coalescence events/candidates can be simply fitted by a single power-law distribution and yields a mass function of dN/dm BH ∝ m −2.5 [10, 11] . With a high rate density ∼ 10 2 Gpc −3 yr −1 of BH binary mergers, as inferred from the O1 run data and implied by the ongoing O2 run (http://www.ligo.org/news/) of advanced LIGO (aLIGO), the second generation gravitational wave detectors are expected to detect hundreds of such events per year in 2020s [11, 12] . The main purpose of this work is thus to investigate the prospect of "hearing" the birth of the LIMBHs with the second-generation gravitational wave detectors in particular the aLIGO and advanced Virgo (AdV) [13] .
II. METHOD
We concentrate on IMBHs in compact binary coalescence systems. In this work we focus on two issues: one is the ratio between the detection rates of newly-formed LIMBHs (R birth ) and the coalescence of compact binaries involving IMBHs (R pre−merg ), defined as r imbh ≡ R birth /R pre−merg ; the other is the prospect of hearing the birth of the LIMBHs with the advanced LIGO.
In [11] , two "envelope" distributions for BBH masses were assumed, including (i) "a distribution uniform (flat) over the logarithm of component masses (i.e., p(m 1 , m 2 ) ∝ m , with a uniform distribution on the second mass". The additional constraints are m 1 ≥ m 2 ≥ 5 M ⊙ , i.e., a mass gap is assumed between the maximum gravitational mass of neutron stars (∼ 2M ⊙ ) and the lightest BHs (m gap = 5M ⊙ ), as motivated by the X-ray binary observations/modeling [3] . In reality, the first distribution likely overestimates the fraction of high-mass black holes while the second, resembling the initial mass function for stars [14] , plausibly overestimates the fraction of low-mass black holes [11] . Since this work concentrates on the mergers of massive stellar-mass black holes and aims to get the conservative estimate on the formation of LIMBHs, in the following approach we take the second mass distribution model. For the same concern, an additional exponential cutoff at the high end of the BH mass function is assumed. Therefore, following [12, 15] , the BH mass functions (i.e., P 1 (m 1 ) and P 2 (m 2 )) are taken as
where m cap is the possible high-mass cutoff of the mass function, as mentioned above, which is however not well constrained yet. Nevertheless, motivated by the detection of a pre-merger BH as massive as ∼ 36M ⊙ in GW150914, it is reasonable to assume that m cap ≥ 40M ⊙ . In the following analysis, we simply assume 40M ⊙ ≤ m cap ≤ 100M ⊙ . In some literature it is assumed that the BH mass function resembles that of the massive stars, i.e., α = 2.35 [11, 12] . We take it as the fiducial value while other values of α between 2 and 3 are also investigated in estimating r imbh . Following [11, 12] we simply take β = 0 throughout this work. The expected distribution that describes the masses of the binary members in the observed GW events is [12, 15] 
where R BBH is the merger rate of BBHs, (1 + z) accounts for the difference in clock rates at the merger and at the detector and V z denotes the comoving volume of the space within which the GW events can be detected by LIGO, i.e., dV z /dz = 4πc·d 2 c (z)/H(z), where d c is the comoving distance of the GW event, c is the speed of light and H(z) is the hubble parameter. The maximum redshift z max that LIGO can probe depends on both m 1 and m 2 , which is described in more details as below.
The optimized oriented signal-to-noise ratio of a GW event with given pre-merger BHs masses can be calculated as [17] 
whereh( f ) refers to the Fourier Transformation of a GW strain at the detector. Here we use a general form of an angleaveraged (S /N) = ρ expressed as [17] (S /N) 2 = 4 5
where h c ( f ) is the observed strain amplitude. Generally, we assume a GW event is "detected" if its S /N is greater than 8.
For the strain noise amplitude of aLIGO in full design sensitivity, S n ( f ) = h 2 n ( f ), we adopt the analytical form in [19] . For O2 and O3, we use the upper boundaries of the sensitivity curves in [13] (their Figure 1) to get a conservative estimation on the event rates. For the observed strain amplitude, it can be expressed as [18] 
with dE/d f s denoting the spectral energy density. Both inspiral phase and merger phase of the coalescence are considered. We follow the spectral energy densities given by [18] (their equation (26) and (30)) as well as their assumptions and parametrization. With the above equations we can determine the z max that LIGO can reach for a given m 1 and m 2 .
The distribution of the total masses of the pre-merger BHs is governed by
dV z dz dz dm 2 .
(7) As a result of the gravitational wave radiation, the nascent BH's mass m 3 will be less than m tot = m 1 + m 2 . We use η to denote the fraction of the mass radiated away by GW. In a specific merger event η depends on the total spin of the system along the orbital angular momentum, the mass ratio and the asymmetric mass ratio between the two BHs etc [20, 21] . These necessary information, unfortunately, are largely uncertain. Nevertheless, in the strongest gravitational wave radiation scenarios, the fraction of the energy carried away is η ∼ 10% [20, 21] . For GW150914, GW151226 and LVT151012, about 0.04 − 0.05 fraction of total masses were radiated away as gravitational waves [11] . Motivated by these facts, we simply assume η = 0.05 and the mass of the nascent BH formed in the merger can be straightforwardly evaluated (i.e., m 3 = (1 − η)m tot ).
In the model of a power-law distribution in the primary mass, the inferred BBH coalescence rate with the O1 run data is 97 +135 −67 Gpc −3 yr −1 (90% confidence level) for α = 2.35 and m tot ≤ 100M ⊙ [11] . Since our current model is rather similar except the introduction of m cap (≥ 40M ⊙ ), it is reasonable to assume that R BBH ∼ 30 − 232 Gpc −3 yr −1 (90% confidence level). The results of the ongoing O2 run have not been published yet but several candidates/events have been reported in the LSC news (http://www.ligo.org/news/), implying that R BBH ∼ 100 Gpc −3 yr −1 is reasonable. Following [11] in this work no dependence of the merger rate on redshift is assumed. If R BBH increases with redshift for z ≤ 1 − 2, the detection prospect of LIMBHs estimated in this work is conservative.
III. RESULT
In Fig.1 we present the ratio between the detection rates of newly-formed LIMBHs and the coalescence of compact binaries involving IMBHs r imbh for η = 0.05. The general trend is that the harder the mass function (i.e., with smaller α and higher m cap ), the smaller the r imbh . This is anticipated since in such cases there is a higher possibility to get the premerger IMBHs. Nevertheless, in general, we have r imbh ≥ 3 (for the soft BH mass function, r imbh ∼ 10 is possible), implying that the first LIMBH identified in the gravitational wave data is very likely the nascent one formed in the mergers (i.e., m 3 ≥ 100M ⊙ ) rather than the massive compact object involved in the merger (i.e., m 1 ≥ 100M ⊙ ). But since r imbh is just modestly high, it is still possible that in the first gravitational wave event "involving" IMBH we have both m 1 ≥ 100M ⊙ and m 3 ≥ 100M ⊙ .
With the given initial mass functions of the pre-merger BHs, η and R BBH , it is straightforward to estimate the fraction of mergers that can yield IMBHs (i.e., f imbh ). For a given network, the time to see its first event can be estimated as following. It is described by a Poisson process, with the probability distribution of waiting a time τ before detecting the first event given by e −τ f imbh R BBH V , for an event rate R BBH . We define τ first,eff = 2.3/ f imbh R BBH V as the effective waiting time by which, in 90% of cases, the first event will have been observed. Right now the average reach of the aLIGO network for binary merger events has been around 700 Mpc for 30+30 Msun mergers. Hence we simply assume that V ∼ 1 Gpc
, where f dc ∼ 0.8 is the factor of the duty cycle for each detector of aLIGO. The O2 run of aLIGO will last about six months. Therefore the successful detection of LIMBH in O2 run of aLIGO is possible but not guaranteed. The O3 run of aLIGO is anticipated to last 9 months with the further-improved sensitivity, for which the chance of firmly detecting LIMBH is high. In Fig.2 we present the anticipated rate for α = 2.35 and m cap = 40M ⊙ (a larger m cap will further increase the detection rate of LIMBHs) and one can see that the detection prospect is quite promising in particular in O3 run or the first year full run of the aLIGO, which are reasonably in agreement with our analytical estimate. Note that even for a low R BBH ∼ 30 Gpc −3 yr −1 , the birth of LIMBHs is expected to be directly heard during the first year full-run of aLIGO. Where the target strain sensitivities for O2, O3 are taken from [13] (see Fig.1 therein) and the full-sensitivity runs from [19] [13]. In Fig.2 we have just estimated the events expected for the aLIGO detectors and the joining of other detectors like AdV, KAGRA and LIGO-India would only enhance the detection prospect.
IV. SUMMARY
In this work we have estimated the ratio between the detection rates of the formation of the IMBHs in the mergers and that of pre-merger IMBHs (note that these BHs are expected to be among the lightest IMBHs since their masses are expected just slightly above 100M ⊙ ) and the prospect of hearing the birth of the lightest IMBHs with the second generation gravitational wave detectors in particular the aLIGO. The chance of "hearing" the birth of a IMBH is found to be higher than identifying a pre-merger IMBH, as expected, though the possibilities are only different by a factor of ∼ 10 or smaller (see Fig.1 ). Nevertheless, the prospect of successful detection of the lightest IMBHs is quite promising. In the optimistic case such objects will be detected in the O2 run of aLIGO (see Fig.2) . Quite a few IMBHs may be detectable in the upcoming O3 run of aLIGO detectors (note that in Fig.2 we take R BBH ∼ 100 Gpc −3 yr −1 . A more conservative assumption of R BBH ∼ 30 Gpc −3 yr −1 will not change the conclusion qualitatively). The Cosmos will deliver more wonders through the channel of gravitational wave, and we suggest that in addition to the possible detection of mergers of NS-BH and/or NS-NS binaries [22] [23] [24] , in the dawn of GW astronomy era (i.e., the O2 and O3 runs), the lightest IMBHs will be plausibly detected. Hence the existence of (lightest) IMBHs will be firmly established though more massive ones are still to be ro- bustly identified possibly with electromagnetic data until the performance of the third generation gravitational wave detectors. Though the direct collapse of very-massive stars with extremely-low metallicity may also produce the LIMBHs, such events are likely hard to detect. Therefore, the birth of the LIMBHs is expected to be only hearable/detectable in gravitational wave in the next decade. If instead there is still no any LIMBH recorded by aLIGO after its first year full-sensitivity run, the black hole mass function with a very sharp cutoff at ∼ 40M ⊙ will be favored or alternatively the typical mass ratio (q ≡ m 2 /m 1 ) should be significantly smaller than 1.
